The melting behavior of a DNA fragment carrying the nouse Pmajglobin promoter was investigated as a Ieans of establishing procedures for separating DNA fragments differing by any single base substitution using the denaturing gradient gel electrophoresis procedure of Fischer and Lerman (1,2). We find that attachment of a 300 base pair GC-rich DNA sequence, termed a GC-clamp, to a 135 bp DNA fragment carrying the muse P-globin promoter significantly alters the pattern of DN melting within the promoter. When the promoter is attached to the clamp, the promoter sequences melt without undergoing strand dissociation. The calculated distribution of melting domins within the promoter differs mrkedly according to the relative orientation of the clamp and pronter sequeces. We find that the behavior of DNA fragments containing the promoter and clamp sequences on denaturing gradient polyacrylamide gels is in close agreement with the theoretical melting calculations. These studies provide the basis for critical evaluation of the parameters for DNA melting calculations, and they establish conditions for determining whether all single base substitutions within the promoter can be separated on denaturing gradient gels.
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DNA molecules can be separated on the basis of their sequence by electrophoresis in polyacrylamide gels containing a gradient of formamide and urea (3) . Duplex DNA fragments move through these gels with a constant mobility determined by molecular weight util they migrate into a denaturant concentration at which the DNA begins to melt. At this point the mobility of the DNA abruptly decreases. Thus, the final position of a DNA fragment in the gel is determired by its melting behavior. Fragments of identical size but differing sequences can therefore be separated on denaturing gradient gels. Single base substitutions alter the melting of a portion of the mlecule strongly enough to effect substantial separations (1) . Both transversions and double substitutions that leave the net base composition unchanged lead to significant changes in the final gradient position. The theoretical ctations based on statistical mechanical melting and mobility calculations (2) . However, the part of the molecule in which base substitutions can be detected and the sensitivity of detection are sequnedependent. Consistent with theoretical expectations, only a fraction of known single base substitutions in a 536 bp bacteriophage X DNA fragment were detected by denaturing gradient gel electrophoresis (1) . To Figure 4) . Thus, the promoter fragment can be inserted into a plasmid adjacent to the GC-clamp in either orientation by BglII and Bam cohesive ends. Plasmids containing the GC-clamp and the P-mjor globin promDter in either orientation are described in Figure 7 .
The system for running constant-temperature denaturing gradient gels has been described (9) . Te gels are run in a plexiglas apparatus that holds two glass plates such that the top of the plates forms an upper buffer charber. Te gel plates rest in a trough that is filled with 1% agarose in TAE buffer (40 ur tris, pH 7.4, 20 The apparatus containing the polymerized gel is placed in an aquarium of TAE buffer heated to 60°C, which serves as the lower electrophoresis chamber. Buffer is circulated by a peristaltic pump from the aquarium into the upper chanber, and is allowed to overflow from the upper chamber into the aquarium. Electrophoresis is performed by placing a cathode spaning the width of the gel in the upper ber and a platinm anode 2-3 ' in length submerged at any position in the aquarium. Gels are electrophoresed at 150 V.
The 135 bp proioter fragnent was examid on a perpendicular denaturing gradient gel containing 6 .5% acrylamide and a 20% to 80% gradient of denaturants from left to right. In order to observe the promDter fragment by ethidium staining, 25 tig BamHl and BglII digested total plasmid DNA was loaded on the gel (total plasmid size was 2400 bp, thus, the gel contained "1.2 tig promoter fragment). Electrophoresis was for 130 min at 150 V.
The promoter attached to the GC-clamp was examined on a perpendicular gradient gel containing 6 .5% acrylamide and a 20% to 80% gradient of denaturants. 15 gg each restriction-digested plasmid DNA was loaded on the gel and electrophoresed for 5 hr at 150 V.
Calculation of fractional GC content
The variation in base composition along the sequence of each DNA molecule is represented in panel A of Figures 1,2 ,5, and 6 as the local fraction of G or C. The discontinuous function, 0 (for AT) or 1 (for GC) at every point, was oonverted into an interpretable pattern by cubic smoothing, replacing the center value in each set of 25 bp by the value of the least squares third order polynomial fitted to those 25 points, advancing one base pair at a time.
Calculation of meltin mp and coherence map
The theoretical expectation for the helix-random chain transition of each molecule was calculated as a function of temperature by the PolandFixman-Friere algorithms (10, 11) . The coefficients for a ten-term series of exponentials representing a loop entropy exponent of 1.8 were provided by R.D. Blake. The entropy of melting was assumed to be uniform, at 24.5 Cal/degree, for all base pairs; the value of sigma was 3.5 x 106. Stability values for the set of ten nearest neighbor base pairs were those given by Gotoh and Tagashira (12) and Gotoh (13) for melting in 0.022 M sodium (0.1 SSC), not identical with our solvent. A small increment in stability was applied at both ends of each sequence, corresponding to the weaker electrostatic field in the absence of a continued series of charged phosphates. The correction consisted of an exponentially declining increment with a decay length of 8 bp. The increment at the first and last nearest neighbor values was 8.80C, which can be compared with the difference of 100 degrees between the hydrogen-bonded dinucleotides TA*AT and GC*OG (12, 13) . The slight change in melting depends mainly on the cumulative increment at the ends; it is not sensitive to the local distribution of the increment. The melting maps shown in panel B of Figures 1, 2 , 5, and 6 represent the temperature, Tm, estimated by interpolation, at which each base pair in the molecule is expected to be at the midpoint of its equilibrium between helix and random chain. The Poland-Fixman-Friere calculation, carried out at 0.20C intervals, provides p(m), the probability at each temperature that a bp at posi-tion m along the sequence is helical. The interpolation between p(m) values bracketing 0.5 was calculated as a vant Hoff function, such that the interpolation paraeter ixicates the apparent AB of the transition. An apparent AS of the transition for each neighboring site is given by l/TN. Since the entropy of mlting for each bp introduced into the calculation is uniform and constant, the ratio of the aparent entropy inferred from the interpolation to the inal entropy per bp, yields a dimensioless nurber which can be interpreted as the loc4 length along the sequ over which there is close cooperation in melting. This value, termed coherence length, is shown in panel C of each melting diagram. It indicates inversely the breadth of the transition at each base pair, in that the lower the value given for the coherence at each site, the larger the temperature interval required to carry that particular base pair from a fully helical to a fully melted mlecule.
Calclatin ofx~bityV in dntrn rdetgl
The (Figure 2 ). We infer that substitutions in the right half of the DMk mlecule might be separable, but not substitutions in the left. Tb test the validity of the theoretical xelting calculations we examined the 135 base pair P-globin promoter fragment on a polyacrylamide gel containing a gradient of denaturants perpendicular to the direction of electrophoresis. In these gels the DN& sample is loaded in a single well spanning the width of the gel. As shown in Figure 3A , a single melting transition is observed at a position in the perpendicular gel corresponding to a temperature of 710C. This temperature can be calculated by measuring the position in the gel at which the midpoint of the steep increase in slope oc- hen the ethidium-stained image is aligned with the autoradiogram, the curves coincide on the right half of the gel, indicating that the MIa is completely single stranded at the denaturant concentrations following the melting transition (see text). The labelled fragment used in this gel was the samn sense as the promoter sequence shown in Figure 4 ; identical results were obtained with the apposite strand of the promoter (data nmt sh1mn). No Figure 2B ). Since the concentration of denaturant increases from left to right in the gel, DNA molecules at the left side are double stranded, while the molecules at the right side should be completely melted. At the midpoint of the mDbility transition in the gel the DNA molecules are melted throughout the first domain but remain in the duplex configuration in the second domain. Tb show that the DNA to the right of the melting transition in the perpendicular gradient gel is in fact completely melted, we mixed a trace amount of one of the two DNA strands labelled with 32 with the unlabelled duplex DNA of Figure 3A . As shown in the autoradiogram of Figure 3B , the position of labelled single stranded DNA at the right half of the gel coincides with the po'sition of the ethidium-stained, initially duplex DNA, indicating identical behavior of both the single stranded and initially helical DNA mlecules. As expected, the position of the initially duplex DNA at the left side of the gel does not coincide with that of the labelled single stranded DNA. Additional correspondence between melting theory and the behavior of the promDter fragment on denaturing gradient gels was obtained by comparing a coepxter-generated gel pattern with the data of Figure 3A and 3B. The simulated gel pattern shown in Figure 3C was obtained by calculating the melting map of the fragment and then applying an exponential relation between the nobility of the partially and completely denatured molecules and the lengths of their single stranded regions (see (2) for a description of this sinulation). The curve representing the calculated mobility of partially malted duplex DNA intersects the dashed line representing the estimated mobility of the dissociated single strands at an equivalent temperature of between 710C and 720C ( Figure 3C ). The mDst significant aspect of the similarity between the experim ntal ( Figures 3A and 3B ) and simlated ( Figure 3C ) gel mobility patterns is the fact that the equivalent temperature at which the DNA ceases to move through the gel as a branched molecule and begins to migrate as denatured single stranded DNM is the sane in the two cases.
Based on the theoretical and experimental analysis described above, we conclude that single base substitutions occuring at approximately 40% of the positions of the 135 bp P-globin promoter fragment should be separated fron the wild type DNA molecules on denaturing gradient gels. The substitutions located in the higher temperature melting domain should not separate from Figure 1 . the corresponding wild type DNA fragments on the gel, since the strands would dissociate when the second domain is mlted. In theory, attachment of a GC-rich DNK sequence to the promoter fragirent could alter the melting map, and it should prevent strand dissociation upon complete melting of the promDter. To test these possibilities we calculated the melting behavior of the proter fragment attached to a 300 bp CC-rich DNA fragment (GC-clasp).
The rnucleotide seqence of the promrter fragment attached at base -104 to the GC-clamp (the`-104 orientation") is shown in Figure 4 . The local cconpositional rap, the calculated melting map, and the coherence map for this clamped proroter fragment is shown in Figure S . The corresponding calculations for the promoter attached to the sane GC-clamp in the opposite orientation (the`+26 orientation') are shown in Figure 6 .
To discuss these melting maps it is convenient to divide the promoter portion of these clamped molecules into two regions identifiable approximately with the two maoll mains in Figure 2 . These regions define two distinct wiall domains with plateaus at 710C and 760C when the promoter is attached to the GC-clamp in the -104 orientation ( Figure 5 ). However, in the +26 orientation both regions merge into a single long domain with an intermediate Tm of 730C. Coherence in the promhter region is about double in the +26 orientation, indicating longer range cooperation and a sharper transition with a smaller temperature interval. Melting of the relatively ATdense portion at the 3' end of the promoter, which establishes the lowest domain in the -104 orientation, is supressed when that sequence is in the interior of the molecule when attached to the GC-clamp in the +26 orientation. The general melting behavior of the 300 bp clamp is ideendent of the orientation of the attached promoter fragment. TWo broad dmains melt- ing at 87.00C and 84.s°C are predicted (Figures 5 and 6 ). Although there are three regions of relatively high AT density near bases 70, 210, and 255, there is no indication that interior melting will occur at these sites. The dotted lines in Figures 2B, SB and 6B represent the temperatures at which strand dissociation is probable. In the case of the unclamped promoter fragment. the predicted temperature at which strand dissociation occurs is lower than the Tmu calculated for domain 2, assuming an infinite DNIt concentration ( Figure 2B ). In contrast, the predicted strand dissociation temperature for each clamped prcmoter fragment is well above the calculated Tu for the promoter suences ( Figures SB and 6B ). Single base substitutions in all regions of the promoter sequee should therefore result in an altered Tmu which is lower than the strand dissociation temprature. Thus, in the presence of the GC-clamp, single base substitutions throughout the promoter sequence should result in separation of the mutant and wild type promoter fragents on denaturing gradient gels.
The theoretical effects of the GC-clamp on the melting behavior of the P-globin promoter fragment were tested by perpendicular gradient gel electrophoresis. DMk fragents containing the GC-clamp and promoter were obtained by constructing the plasmids shown in Figure 7 . In the plEasmid pGCP-104, the promoter sequ is joined at -104 to the GC-clamp, while the promoter is attached to the clamp in the opposite orientation in the pLasoid pGCP+26. DMk fragmnts ontaiing the GC-clamp and the promoter can be excised from both plds with appropriate restriction enzymes. The clamped promDter fragments were excised from both p ids and run as a mixture on a single perpendicular denaturing gradient gel ( Figure BA) . As anticipated from the melting map of Figure SB , the fragment clamped in the -104 orienta- The above inferences regarding the relationship between melting behavior and gel mobility are strengthened by comparing the observed perpendicular gradient gel patterns with those simulated from the melting calculations. Remarkably, the simlated patterns of electrophoresis for both of the clamped promoter fragments shown in Figure 8B are indistinguishable from the observed patterns shown in Figure 8A . The close simlation of the nobility functions for the promoter clamped in both orientations strongly supports both the melting theory and the formalism relating melting to nobility on gradient gels.
The perpendicular gradient gel patterns of the clamped promoter fragments provide the basis for critically evaluating the parameters used to calculate the relationship between DNM melting and mobility in gradient gels. The Figure 2 attached to the promter. In all panels, the dashed line represents the calculated temperature at which the dissociation constant for strand separation is 10 M.
length, but that quantity is sensitive to the composition of the solvent for melted DM strands, and no i pendent estimates under similar conditions are available for comparison. Another parameter that is varied in the calculation is the linear relationship between denaturant concentration in the gel and its temperature equivalent.
nation of the gel patterns of Figure 8A indicates that 0.3120C per % denaturant, agrees within 1(% of the value inferred from the gel displacemnt of base substitutions in a bacteriophage X fragment (1), and is within 30% of the value estimated from calorietric and hyperchromicity studies (14, 15) . However, published values represent pure rather than mixed solvents and dissimilar ion concentrations. Te agreement between the predicted and experirntal cmbilities, The GC-clamp used in the experiments described above is 300 bp in length. For certain applications of the gradient gel procedure a shorter clamp would be useful to reduce the time required for electrophoresis. It was therefore of interest to determine whether a shorter clamp sequence could be used to achieve similar changes in the melting behavior of the promoter fragment. The possible adequacy of shorter clams for the promnoter was calculated in the +26 orientation as shown in Figure 9 . The three melting maps in panels A, B. and C correspond to the deletion of increasingly large segnents from the 3' end of the clamp sequence, leaving respectively, 50, 100, and 200 bp of the 5' end of the clamp sequence. As before, the dashed line in each panel indicates the temperature at which the calculated dissociation constant for the complete separation of the two strands equals io-6 M. It can be seen that the temerature interval between melting of the retarding domain and expected strand dissociation decreases as the length of the clamp is shortened. This temperature interval is 6, 8 and 110C, respectively with clamps of 50, 100 and 200 bp. In principle each of these clamps should be adequate to achieve separation of single base substitutions throughout the promoter fragirent. However the validity of this prediction remains to be experi entally established.
In this paper we have shown that the melting behavior of DNEL molecules predicted by calculation strongly correlates with the pattern of electrophoresis on denaturing gradient polyacrylamide gels. This correlation between theory and experiental observations includes the location and Tm of melting domains, the effect of sequence context on the distribution of melting domins, and the behavior of partially denatured molecules during electrophoresis through denaturing gradient gels. The predictable alteration in the melting properties of duplex DNA by the GC-clamp provides strong evidence for the existence of melting domains. The practical implication of this work is that it should be possible to use the GC-clamp to achieve separation of single base substitutions in all regions of duplex DNA fragments. This possibility is confirmed in the case of the mouse P-major globin promoter in the accopaying paper.
